Abstract Squeezing intensity in tunnelling often varies over short distances, even where there is no change in the excavation method or lithology. Reliable predictions of the ground conditions ahead of the face are thus essential to avoid project setbacks. Such predictions would enable adjustments to be made during construction to the temporary support, to the excavation diameter and also to the final lining. The assessment of the behaviour of the core ahead of the face, as observed by means of extrusion measurements, provides some indications as to the mechanical characteristics of the ground. If the ground exhibits a moderate time-dependent behaviour and the effects of the support measures are taken into account, the prediction of convergence is feasible. If the ground behaviour is pronouncedly time-dependent, however, convergence predictions become very difficult, because core extrusion is governed by the short-term characteristics of the ground, which may be different from the long-term properties that govern final convergence. The case histories of the Gotthard Base Tunnel and of the Vasto tunnel show that there is a weak correlation between the axial extrusions and the convergences of the tunnel. By means of the case histories of the Tartaiguille tunnel and Raticosa tunnel, it is shown that to identify potentially weak zones on the basis of the extrusion measurements, careful processing of the monitoring data is essential: the analysis of the data has to take account of the effects of tunnel support and time, and has to eliminate errors caused by the monitoring process.
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Introduction
Squeezing intensity can vary greatly over short distances even where there is no change in the excavation method, temporary support, depth of cover or lithology (Kovári 1998) . This variability makes tunnelling in squeezing ground very demanding, as it decreases the predictability of the conditions ahead of the face even after some experience has been gained with a specific geological formation during excavation. The variability can be traced back to two different reasons (Cantieni and Anagnostou 2007) : (1) rock structure heterogeneity (even on the scale of few meters) may lead to significant variations in the ground response; and, (2), small fluctuations in the mechanical and hydraulic properties of a macroscopically homogeneous rock mass may have a major effect on the development of deformations and pressures. Uncertainties concerning rock structure heterogeneity can be reduced by advance probing. However, the uncertainties concerning ground response will remain. Therefore, the prediction of squeezing intensity represents one of the most difficult challenges when tunnelling through squeezing ground. A timely prediction of the conditions ahead of the face would enable adjustments to be made to the temporary support, excavation diameter and final lining during construction. A number of authors have therefore attempted to identify early indicators of ground quality on the basis of field measurements. Steindorfer (1998) proposed a method of predicting changes in rock mass quality ahead of the face based on the displacement vector orientations obtained by geodetic measurements in the tunnel. Jeon et al. (2005) underpinned the method theoretically by means of numerical computations, but pointed out that it is very difficult to make a prediction under complex geological conditions. Sellner (2000) proposed a method of predicting the displacement of the tunnel boundary based on Sulem et al. (1987) . This method requires an estimation to be made of the ground convergences ahead of the face, however, and this can be done only by estimating the parameters of the function defined by Sulem et al. (1987) on the basis of experiences.
Despite improvements in the theoretical assessment of the squeezing phenomenon, and despite the experiences gained with different construction methods, there are still no reliable methods of prediction available.
The analysis of deformation measurements in the ground ahead of the face looks promising with regard to ground response predictions, as the radial loading and axial deformation of the core ahead of the face can be seen as a large scale in situ test. Figure 1 shows the mechanism leading to face extrusion schematically. The ground core ahead of the face loses its axial confinement as the tunnel face approaches. The loss of confinement reduces the radial resistance of the ground core, and the core thus deforms due to the radial load r r exerted by the surrounding ground. In squeezing ground, the core yields under the radial loading and extrudes into the opening. The magnitude of the extrusion depends on the mechanical properties of the ground, the depth of cover and the support measures applied at the tunnel circumference and at the tunnel face. If the ground exhibits a time-dependent behaviour (due either to creep or to consolidation), the magnitude of the extrusion will also depend on the advance rate and on the duration of any standstills.
In the past, extrusion measurements have been mostly used to control face stability. Lunardi (1995) first used such measurements in squeezing ground for the assessment both of face stability and the expected convergences. The Pianoro tunnel (Lunardi and Gatti 2010) is one recent case history showing a correlation between extrusions, convergences and the overburden.
The extrusion of the face during a standstill in squeezing ground can be from several centimetres to decimetres (cf. Cantieni and Anagnostou 2011), but it is not problematic in conventional tunnelling as long as the face remains stable (Kovári 1998) . In TBM tunnelling, the excavation speed is normally high enough to avoid jamming of the cutter head during regular TBM operation, as the extruding ground is excavated as part of the boring process. Immobilization may, however, occur during a standstill (Ramoni and Anagnostou 2010) . Extreme extrusions have been observed, e.g., during the construction of the Gilgel Gibe II Tunnel in Ethiopia. After encountering a fault zone, the face extruded very quickly (40-60 mm/h), and pushed back the TBM for about 60 cm (De Biase et al. 2009 ).
The present paper investigates the possibility of predicting the ground response to tunnelling by assessing the axial extrusion of the core ahead of the face. The paper starts with a review of the analytical, empirical and numerical approaches proposed in the literature for the quantitative assessment of core extrusion (Sect. 2). Section 3 briefly sets out the methods for monitoring extrusion, discusses some aspects of data processing and reviews monitoring results from case histories found in the literature. Section 4 investigates theoretically, by means of numerical analyses, the possibility of using extrusion data as an early indicator of tunnel convergence. Finally, extrusion and convergence measurements from the Gotthard Base Tunnel are presented and discussed in detail with regard to the predictability of ground response (Sect. 5).
Computational Methods for Estimating Extrusion
Based on a spherical model of the tunnel face (Egger 1980) and on undrained ground behaviour, Mair (2008) introduced so-called ''influence lines'', which show the increase in axial displacement of a point ahead of the face due to the advancing face. Wong et al. (2000a) proposed spherical models for the determination of face extrusions, incorporating the effect of face reinforcement using bolts. However, the extrusions determined through laboratory experiments could not be reproduced by the analytical solution (Trompille 2003) . Analytical approaches may allow a fast assessment to be made of extrusions, but the numerous simplifications (e.g. spherical face, disregard of the actual stress state) limit their predictive power.
Lunardi (2000) proposed a relation between extrusion and the radial displacements that occur ahead of the face (so-called pre-convergences), based on a volume balance of the ground ahead of the face (neglecting the dilatancy that often accompanies plastic yielding). The determination of the pre-convergences allowed him to calibrate the ground response curve and thus estimate the final lining loading by means of the convergence confinement method. Hoek (2001) presented an approach obtained by curvefitting the numerical results for the axial and tangential strains. In the case of an unsupported tunnel, the equations lead to a constant ratio of 1.5 between the tangential and the axial strains. Lee and Rowe (1990) presented, also based on numerical computations, a relationship between the extrusion of the face and the face support pressure for a tunnel with a rigid lining up to the face. Kovári and Lunardi (2000) and Bernaud et al. (2009) investigated the influence of face bolting on the extrusion of the face by means of axisymmetric numerical computations. Peila (1994) and Oreste et al. (2004) investigated the deformation behaviour and face stability of shallow and deep tunnels, respectively, by means of three-dimensional numerical models. The face reinforcement was modelled with horizontal pipes embedded in the ground ahead of the face.
The ground may respond faster or slower to tunnel excavation, depending on its rheological properties. Slow ground response may reduce the extrusion of the core significantly, thus making it difficult to predict squeezing intensity ). The time-dependency of ground behaviour in squeezing ground can be traced back to two mechanisms: consolidation and creep (cf. Anagnostou and Kovári 2005). Ghaboussi and Gioda (1977) showed by means of numerical computations for a visco-elastic ground behaviour that the radial displacements of the ground ahead of the face depend (among other parameters) both on the advance rate and on the viscosity of the ground. Myer et al. (1981) illustrated the effect of the advance rate on the axial strain ahead of the face by means of physical models. According to their experimental results, the faster the advance, the smaller the extrusion of one and the same material will be. A comprehensive spatial numerical investigation for a tunnel advance in visco-plastic ground was carried-out by Bernaud (1991) . Pellet et al. (2009) noticed substantial face extrusion when using Lemaitre's visco-plastic damage model. Anagnostou (2007b) showed for the case of a water bearing, low permeability ground that the extrusion of the tunnel face depends on the permeability and on the advance rate (all other parameters remaining constant).
Extrusion Measurements

Measurement Methods
The axial deformations of the ground ahead of the face are monitored usually by means of sliding micrometers (Kovári et al. 1979) . The sliding micrometer allows high precision measurements of the strain distribution along a line ahead of the face with a resolution of 1 m intervals. The main disadvantage of the sliding micrometer is the time-consuming measuring procedure, which interferes with excavation work at the face (Steiner and Yeatman 2009) . The sliding micrometer has been applied successfully under both non-squeezing and squeezing conditions (e.g. Lunardi and Focaracci 1999) . As experienced in the Gotthard Base Tunnel (in the northern intermediate Tavetsch formation) , however, its application may be problematic under heavy squeezing conditions (damaged due high water or rock pressure; Thut et al. 2006) . A recent development that resolves the above-mentioned problems is the so-called reverse-head-extensometer (RH-extensometer) (Thut et al. 2006; Steiner 2007) . In contrast to the normal extensometers (which are used for measuring the radial displacements of the ground in tunnelling), the measuring head of the RH-extensometer, which includes the data logger, is installed at the end of a borehole far ahead of the face, thus allowing a continuous monitoring of deformations with little obstruction to the excavation work (Fig. 2a) . The communication cable which is used for data readout is located in a central tube and can be accessed at the face (Steiner and Yeatman 2009) The data recorded by means of sliding micrometers or extensometers ahead of the face require careful processing to avoid erroneous results. Two sources of error will be discussed in the next section.
Data Processing
The interpretation of the monitoring data should account for the effects (1) of the reference point displacement and, (2), of the zero reading (Fig. 2b, c, respectively) .
Sliding micrometers measure the length changes of the intervals defined by the successive measuring points. As discussed by Kovári (1998) , Wong et al. (2000b) and Trompille (2003) , the total displacements of the measuring points (e.g., the displacement u y,A of point A) can be determined by summing the length changes of the successive intervals, provided that the displacement u y,R of the reference point (which is located at the deepest point of the borehole) is known (e.g. by measuring it independently with an overlapping measuring device) or it can be assumed to be practically zero (which is true only if it is located outside the influence zone of the advancing tunnel face): 
where DL A,t denotes the sum of the length changes of the intervals between the point A and the reference point R. Similar remarks apply to RH-extensometers, the only difference being that these instruments measure directly the length change of the intervals defined by the measuring points (e.g. point A) and the reference point R.
The uncertainties associated with a non-fixed reference point are irrelevant for the distribution of the axial strain e y . An interpretation of the observed behaviour in terms of strain e y (rather than in terms of displacement) is, therefore, advantageous, and provides a better picture of the ground. The sliding micrometers measure the length changes of successive 1 m long intervals, thus leading directly to the strain distribution along the measuring line. In the case of RH-extensometers, the strain profile can easily be calculated from the measured length changes. The average strain e y,AB over the interval defined by measuring points A and B reads as follows (Fig. 3a ):
A further limitation is imposed by the time and location of the zero reading (Fig. 2c) . If the measuring device is installed too close to the face (i.e. within its influence zone) the measured data will apply only to the changes in extrusion taking place after the installation of the measuring device (Lunardi and Focaracci 1999) .
The effects mentioned reduce the length of the measuring line that can be used for the assessment of ground displacements considerably. As discussed by Wong et al. (2000b) , in the case of one single measuring device installed right at the face, the affected length of the measuring line amounts to two times the influence length of the tunnel face. The ''non-fixed reference point'' and the ''zero reading'' effects can be avoided by an appropriate arrangement of the measuring lines or by a specific way of analysing the data.
The problem concerning the displacement of the reference point can be by-passed either by installing a series of (a) (b) Fig. 3 a Definition of the axial displacement u y and strain e y ; b Definition of the increase in axial displacement Du y and in strain De y due to a face advance by S Interpretation of core extrusion measurements 645 extensometers with sufficient overlapping lengths (Steiner and Yeatman 2009) or by analysing the axial strains e y rather than the axial displacements u y . The ''zero reading'' effect can be avoided by installing the extensometer a sufficient distance from the face in undisturbed ground, or by installing a series of overlapping extensometers (the new extensometer must be installed before the influence zone of the advancing tunnel face reaches the reference point of the preceding extensometer). When analysing the monitored data, the error associated with a ''zero reading'' can also be avoided by considering the increase in axial strains De y or the increase in displacement Du y (Fig. 3b) caused by a face advance of S (rather than considering the total response of the ground to tunnelling).
Case Histories
Extrusion measurements have been performed in a number of tunnel projects in the recent years (Table 1) . Some selected cases will be discussed below.
Tartaiguille Tunnel
The Tartaiguille tunnel will be looked at as a first example. It forms part of the French high-speed railway line between Lyon and Marseilles (Paulus 1998) . The tunnel was constructed between 1995 and 1998. Its length is 2,338 m and the maximum overburden amounts to 137 m. The tunnel crosses several Cretaceous formations. The section of the tunnel, which is investigated in the present paper, is located in marly clays of the so-called ''lower Stampien''. Figure 4a shows the geological longitudinal profile of the tunnel. The tunnel was excavated full face (A F = 180 m 2 ) with 90 fibreglass bolts of 24 m for face reinforcement (between chainage 495 and 1,370 m). The bolts were installed every 12 m (the bottom of Fig. 4b shows the stages of face reinforcement). More detailed descriptions of the project can be found elsewhere (e.g. Lunardi 2008; Wong et al. 2000b) . The extrusion of the face was monitored by sliding micrometers. The present case study discusses the extrusions between chainage 1,251 and 1,215 m (rectangle in Fig. 4a ). The excavation advances in the direction of the decreasing chainage. Figure 4b shows the axial displacement assuming a fixed reference point and the longitudinal section of the tunnel at the position of the installation of the sliding micrometer. Additionally, the figure also shows the cross section of the tunnel. The maximum extrusion u y at the face increases for the first six readings and remains constant afterwards. Figure 4c shows the so-called influence lines of the axial displacements u y (assuming a fixed reference point). They show, analogously to the influence lines known from structural engineering, the axial deformation u y (or strain e y ) of a point in the function of its distance d to the approaching face. According to Wong et al. (2000b) , the first 15 measuring points (the upper diagram of Fig. 4c ) and the last 15 (the lower diagram of Fig. 4c ) measuring points do not show the correct displacements u y profile of the ground, due to the ''zero reading'' effect and to the ''fixed reference point'' effect, respectively (cf. Sect. 3.2) and, therefore, cannot be used for data interpretation.
As discussed in Sect. 3.2, the ''fixed reference point'' effect can be avoided by analysing the axial strains e y and not the axial displacements u y . Figure 4d shows the influence lines of the axial strain e y . Such an illustration makes it possible to incorporate the measuring points between chainage y = 1,229 m and y = 1,215 m (the lower diagram of Fig. 4d ) in the analysis.
The influence lines of Fig. 4d show that the ground response to excavation is variable. The measuring points 1,223, 1,225, 1,227, 1,229 and 1,231, for instance, show a high increase in the strain for the advance from 5 to 3 m, and a subsequent decrease in the strain for the advance from 3 to 1 m. This expansion and subsequent (2000) Lunardi ( (2009) Steiner (2007) recompression of the ground may be caused by a heterogeneous rock structure (layers of different ground quality perpendicular to the tunnel axis).
An analysis of the change in strain De y due to a specific face advance makes it possible to incorporate and compare all measuring points (cf. Sect. 3.2). The curves between the even show a decrease in strain due to a face advance (e.g. y = 1,229 m). This behaviour may be caused, as already mentioned above, by rock structure heterogeneities.
Raticosa Tunnel
The Raticosa tunnel is part of the Bologna to Florence high-speed railway line, which crosses the Apennine range (Lunardi and Focaracci 1999) . The tunnel has a length of about 10.5 km and the maximum overburden is about 500 m. The section under investigation is located near the northern portal and was excavated full face (A F = 160 m 2 ) in 1998 (Fig. 5a ). The tunnel was excavated from the northern portal through a landslide area, formed of intensely tectonised clay shales (Bonini et al. 2009 ). The overburden ranged from a few meters to 100 m. The face was reinforced with 60 fibre-glass bolts, which had a length of 20 m and were installed every 10 m of face advance. After excavating, in steps of about 1.5 m, steel sets (at 1 m spacings) and shotcrete were applied. The final lining invert was cast within a distance of about one tunnel diameter from the face. The final concrete lining was completed in a distance of about 30-40 m behind the face. The extrusion of the face was monitored with a sliding micrometer of 30 m length. Only six extrusion measurements are available (including the zero reading). Figure 5b shows the construction sequence, the axial displacement profile assuming a fixed reference point as well as the longitudinal section and cross section of the tunnel. A break from the 6th to the 15th July 1998 at face position 10 m and a subsequent face advance from 10 to 12 m generated a major extrusion (Fig. 5b) . The extrusion probably developed over time during the standstill. Note, furthermore, that the subsequent face advance from 12 to 15 m caused only very limited deformations. The installation of heavy face reinforcement during the break could be the reason for the limited axial displacements. The lack of information regarding the executed sequence of face support installation makes it impossible to verify this conclusion.
According to the reading of the 4th July 1998 (face position at 6 m) the zone of influence is about 19 m (Fig. 5b) . The large zone of influence is evident also in Fig. 5c , which shows the influence lines of the axial displacements u y (assuming a fixed reference point). The total value of the extrusion u y cannot be determined for most of the points, because the zero reading was done when the ground had already experienced deformations (note the influence zone extends up to 18-19 m ahead of the face!) and because the records for the face advance after y F = 14.8 m are missing.
According to the definition of Wong et al. (2000b) , the usable length of this extensometer is reduced to zero. However, if we take account of the strains (instead of the displacements), more data can be used (cf. Sect. 3.2). Figure 5d shows the influence lines of the strains e y . A comparison of the increase in strains does not yield more information because there are no readings after face position of y F = 15 m. A detailed interpretation of the data is very difficult because there are only a few readings. It is, therefore, possible to recognize only pronounced changes in extrusion.
The convergences were monitored at two cross sections (denoted by ''a'' and ''b'' in Fig. 5b ). Figure 5e shows the convergences u c measured between the measuring points 1 and 5 at these two cross sections as a function of the distance from the face d c . Both cross sections show approximately the same development of the convergences. The convergences stabilize (at about 40 mm only) after the installation of the invert (Bonini 2003) . As shown later in Sect. 4 by means of numerical calculations, the extrusion does not provide any useful indication as to the convergence in case of stiff linings which are installed close to the face, because in such cases the convergences are almost independent of the ground quality.
Vasto Tunnel
The Vasto tunnel is part of the railway line from Ancona to Bari. The tunnel has a length of about 6.2 km and maximum overburden of 135 m. The main part of the tunnel crosses complex formations consisting of a silty, clayey constitution, stratified with thin sandy intercalations and containing sizeable water bearing sand lenses. The excavation work began in 1983 and was stopped after several incidences in 1990. In 1992 the work continued with a new design concept, which also incorporated extrusion measurements. The tunnel was excavated full-face (A F & 120 m 2 ). The face was reinforced by 55 fibre-glass bolts and horizontal jet-grouting was performed in advance around the future tunnel (Lunardi and Bindi 2004) . A detailed description of the project can be found in Lunardi and Focaracci (1997) . Figure 6a shows the longitudinal profile of the tunnel and the approximate location of the monitored stretch. Both extrusion-and convergence-measurements are available for this tunnel. Figure 6b shows the cross section and the longitudinal section of the tunnel (including the axial sliding micrometer and the location of convergence measurements a, b, and c) and the extrusion profiles assuming a fixed reference point recorded during face advance. After the excavation passed chainage y = 3 m, the extrusion profiles show a considerable increase in displacement. Furthermore, it is remarkable that, on the one hand, the maximum extrusions of the first three recordings (the curves for y F = 1, 2 or 3 m) are relatively small, but on the other hand the profiles indicate a very large influence zone of the face (extending up to 15-20 m ahead of the face). The large zone of influence can also be seen in Fig. 6c , which shows the influence lines of the axial displacements u y (assuming a fixed reference point). However, Interpretation of core extrusion measurements 649 the influence lines of the axial strain e y indicate a much smaller influence zone (about 9 m, Fig. 6d) . A closer examination of the extrusion profiles confirms this conclusion (the distances of the measuring points far ahead of the face remain practically constant -the displacement profiles are practically horizontal). The difference between the zone of influence indicated by the displacements and by the strains is probably due to the measuring inaccuracies. The convergences were monitored at three cross sections (denoted by a, b and c in Fig. 6b ). Figure 6e shows the convergences u c measured at these three cross sections as a function of the distance from the face. The convergences at the chainages y = 3 m (point b) and y = 6 m (point c) increased after the face passed chainage y = 8 m. According to Lunardi and Focaracci (1997) , these results indicate that a high face support reduces both the extrusion and the convergences. As shown later in Sect. 4 by means of numerical calculations, a lighter face support should lead theoretically to bigger extrusions (particularly in the case of a low overburden) but smaller convergences. The of axial displacements u y of a measuring point at chainage y; d influence lines of axial strain e y over the intervals between the measuring points at chainage y and (y ? 1 m); e influence lines of convergences at the chainages y = -1, 3 and 6 m data documented in the literature are not sufficient for establishing the reason for the observed increase in convergences with certainty. The large convergences monitored ([0.3 m) indicate that the lining was not installed immediately behind the face. An increase in the distance between the face and the lining installation (or a decreasing ground quality after chainage y = 8 m) would also lead to larger convergences. However, the monitored data show a weak correlation between the extrusions and the convergences.
Theoretical Aspects
Introduction
The present section analyses the response of the core ahead of the face numerically to gain a better understanding of the observed behaviour, and to investigate whether there is a correlation between extrusions and convergences. The numerical analyses take into account the effects of support (face support, yielding support or stiff support) and ground properties (e.g. strength, deformability, rheology and heterogeneity). As a reference point, the case of an unsupported tunnel crossing a homogeneous ground with timeindependent behaviour will be discussed first.
An Unsupported Tunnel in Homogeneous Ground
Numerical Model
For the numerical analysis of the deformation behaviour of the core ahead of the face, an axisymmetric model of a deep, unsupported, cylindrical tunnel crossing a homogeneous and isotropic ground which is subject to uniform and hydrostatic initial stress will be considered (Fig. 7) . The mechanical behaviour of the ground is modelled as linearly elastic and perfectly plastic according to the Mohr-Coulomb yield criterion, with a non-associated flow rule. The angle of dilatancy w was taken equal to u -20°for u [ 20°and to 0°for u B 20°(cf. Vermeer and de Borst 1984) . According to comparative calculations, the angle of dilatancy does not affect the relationship between the extrusions and the convergences significantly, because an increase of the angle of dilatancy will increase both the extrusions and the convergences. Table 2 summarizes the parameters of the model. Normalized uniaxial compressive strengths f c /p 0 of down to 0.05 have been considered in the numerical computations. Such low values represent very heavily squeezing conditions which have, for instance, been encountered at the Sedrun Lot of the Gotthard Base Tunnel (cf. Sect. 5.2). The numerical solution of the axisymmetric tunnel problem has been obtained by means of the finite element method. The problem is solved numerically by the so-called ''steady state method'', a method introduced by Nguyen-Minh and Corbetta (1991) for efficiently solving problems with constant conditions in the tunnelling direction by considering a reference frame which is fixed to the advancing tunnel face. A comparison of the steady state method with the more widely used stepby-step method, which handles the advancing face by deactivating and activating the ground and support elements respectively, can be found in Cantieni and Anagnostou (2009a) .
To save computation and data processing time, some general properties of the solutions of elasto-plastic tunnel problems will be taken into account in the numerical analyses. The displacement u of the boundary of an unsupported opening in linearly elastic (according to Hooke's law) and perfectly plastic ground (obeying the Mohr-Coulomb yield criterion and a non-associated flow rule) depends on the material constants of the ground (E, m, f c , u, w), on the initial stress p 0 and on the problem geometry (in the present case the tunnel radius a of the cylindrical tunnel):
The parameters can be reduced by means of a dimensional analysis and by normalizing the displacements by the reciprocal value of the Young's modulus E (c.f. Anagnostou and Kovári 1993): 
With reference to the spatial model of an advancing tunnel, both the radial displacements at the tunnel face u r (y F ) (Fig. 1) and the final radial displacements far behind the face u r (?) can be expressed by Eq. 4:
The convergence of the opening u c is according to Eq. 5 and 6:
The axial displacement u y at a location y can be expressed as:
The axial strains e y at the tunnel axis are obtained as:
The change in axial strain De y at any location due to a face advance of S can be expressed by a similar equation (cf. Figure 3b) : Figure 3 shows the longitudinal profiles of the displacement u y , strain e y and strain increase De y due to a face advance of S. The indexes A and B denote points on the tunnel axis. In homogeneous ground, the absolute position on the axial co-ordinate y is not relevant, and only the distance to the face d has to be considered. The expressions for the displacements and strains can thus be simplified to: u y (d), e y (d) and De y (d, S).
Numerical Results
Deformed Shape of the Face Figure 8a shows the curved shape of the deformed face for different normalized uniaxial compressive strengths f c /p 0 . As expected, the maximum extrusion appears in the centre of the face. Figure 8b shows that the extrusion of the face u y (0) is about constant for uniaxial strengths higher than 0.8p 0 . The maximum extrusion increases strongly for uniaxial strengths lower than about 0.4p 0 . Figure 8c shows the radial displacements of the tunnel boundary u c = u r (?) -u r (y F ) (cf. Figure 1) as a function of the normalized uniaxial strength f c /p 0 . The curve shows a similar development to Fig. 8b with respect to the uniaxial compressive strength of the ground, thus suggesting a strong correlation between these two variables.
Displacements and Strains Along the Tunnel Axis Figure 9a shows the axial displacements u y (y) at the tunnel axis ahead of the face (extrusion profile) for different normalized uniaxial compressive strengths f c /p 0 . Both the magnitude of the displacements and the region ahead of the face influenced by the excavation increase with decreasing Figure 9b shows the axial strains e y (y) at the tunnel axis. The strain decreases with the distance y to the face. It is remarkable that the strain is constant in the region close to the face (y \ 0.25a to 0.5a). This behaviour can be traced back to the arching effect ahead of the face (the centre of the face is not stressed by the surrounding ground). This behaviour also becomes evident when considering the increase in strain De y (y) due to a face advance of S = 1 m (Fig. 9c) . The centre of the core, at a distance of a/4 ahead of the face, is not influenced significantly by the face advance. The biggest increase in strain occurs at a distance y of about 0.5a to a ahead of the face.
In homogeneous ground the extrusion profiles of Fig. 9 are identical to the influence lines of the extrusion. The diagrams of Fig. 9 can be read as influence lines by replacing the axial coordinate y with the distance to the face d.
Relationship Between Extrusion and Convergences The radial displacements occurring in the tunnel can be expressed by the tangential strain which develops at the tunnel boundary behind the tunnel face:
where u r (?) and u r (y F ) denote the final radial displacement of the ground occurring far behind the face and the radial displacement of the ground at the face, respectively. Figure 10 shows the tangential strain e t,c as a function of the axial strain at the centre of the face e y (0) for different values of the normalized uniaxial compressive strength f c / p 0 (thin solid lines) and of the friction angle u (thick solid lines). The conditions that lead to high axial strains at the face lead also to larger convergences of the tunnel (see Figs. 8b and 8c ). As the relationship is unique, prediction is theoretically possible. The dashed lines in Fig. 10 show that most values are in the range of e t,c /e y (0) = 1 to 2. Figure 11a shows the ratio e t,c /e y (0) as a function of the normalized uniaxial compressive strength f c /p 0 . Each curve clearly consists of four sections:
Section I, which concerns high strength to initial stress ratios, concerns elastic behaviour, and is, therefore, characterized by a constant ratio e t,c /e y (0) of about 1.75. When the uniaxial strength decreases to values lower than f c / p 0 = 2, plastic yielding occurs around the tunnel, while the central portion of the core ahead of the face remains in the elastic domain as long as the ratio of f c /p 0 is higher than 0.8 (Fig. 11b) . The axial strains thus remain approximately constant in section II, while the tangential strains increase with decreasing uniaxial strength. At f c /p 0 ratios lower than f c /p 0 = 0.8, the plastic zone comprises the entire core ahead of the face (Fig. 11b) . The extrusion of the core is then mainly due to the developing plastic strains, which increase with decreasing ground strength (section III). In section IV, the convergence to extrusion ratio increases rapidly with decreasing compressive strength. The reason is that for f c /p 0 \ 0.3 the plastic zone continues to increase considerably in the radial direction around the tunnel but increases only slightly ahead of the face (Fig. 11b) . The parts mentioned above are similar to the cases distinguished by Panet (1995 Panet ( , 2009 The dashed lines in Fig. 11a also show that most cases have a ratio e t,c /e y (0) between 1 and 2. Only in case of very poor ground does the ratio increase to over 3. The ratio of e t,c /e y (0) = 1.5 proposed by Hoek (2001) is, therefore, a good approximation.
The Effect of a Yielding Support
Under severe squeezing conditions, yielding supports are used to reduce the rock pressure on the lining. In the present section, the yielding support is modelled in a simplified way by assigning a constant pressure (which is taken to be equal to the yield pressure p y of the support) on the tunnel boundary. For alternative models and a detailed analysis of the interaction of yielding supports with squeezing ground see Cantieni and Anagnostou (2009b) .
By introducing the normalized yielding pressure p y /p 0 as an additional parameter in Eq. 9, the axial strains of the ground at the tunnel axis can be expressed by the following function:
The numerical model is identical to the model of Fig. 7 , with the difference that the pressure p y is applied as a boundary condition to the tunnel boundary (inset of Fig. 12 ).
The thick solid lines of Fig. 12 show the effect of the normalized yielding pressure of the support p y /p 0 for a series of normalized uniaxial compressive strengths f c /p 0 (thin solid lines).
According to Fig. 12 , the higher the yield pressure p y of the support, the lower will be the tangential strain e t,c and the axial strain at the centre of the face e y (0). The reduction in the tangential strain e t,c is more pronounced. The curve flattens for increasing yield pressures p y . At very high ratios of yield pressure to initial stress (p y [ 0.1p 0 ), the curve is so flat that the axial strains do not provide any indication as to the magnitude of the convergences. Such high p y /p 0 -ratios are, however, feasible only in tunnels with overburdens lower than 100 m. The yield pressure of the support system applied in the squeezing section of the Sedrun Lot of the Gotthard Base Tunnel was equal to about 0.01p 0 . For such realistic p y /p 0 -ratios, the normalized convergence e t,c is approximately equal to the axial strain at the centre of the face e y (0) (remember that, according to the last section, unsupported tunnels exhibit e t,c /e y -ratios between 1 and 2).
The Effect of a Stiff Support
The stiff support is modelled as an elastic radial support with stiffness k. The radial stiffness k of the ring-shaped lining is equal to E L b/a 2 , where a, b, and E L denote its radius, thickness, and Young's modulus, respectively. The longitudinal bending stiffness of the lining will not be taken into account. The resistance of the lining with the stiffness k is regarded as a boundary condition of the model by imposing a radial pressure p(y) which is proportional to the displacement of the lining at location y and depends, 
The parameters k and e have to be considered in addition to the parameters of Eq. 5. The axial strains of the ground at the tunnel axis can thus be expressed as follows (c.f. Eq. 13):
The numerical model is identical to the model of Fig. 7 , with the exception of the boundary condition of the tunnel boundary (Eq. 13). Figure 13a and b shows that the installation of a stiff support close to the face reduces the magnitude of the extrusion, but does not affect the extent of the region ahead of the face influenced by the excavation.
The presence of a lining predictably hinders the development of convergences considerably (Fig. 13c) . The closer the lining is installed to the face, the smaller will be the convergences. For linings which are installed very close to the face (e \ a), the e t,c versus e y curves are so flat that the extrusion does not provide any useful indication as to the convergence. Figure 13 is computed with a very high stiffness of the lining k = 1 GPa/m (e.g. a 0.53 m thick shotcrete lining with a Young's modulus of 30 GPa in a tunnel with diameter of 8 m). The behaviour of soft linings is qualitatively similar to the behaviour of yielding supports (Fig. 12) , because both yielding supports and soft linings allow the ground to deform behind the face.
The Effect of Face Reinforcement
The presence of face reinforcement was considered in a simplified manner by prescribing a uniform pressure p F on the face. Peila (1994) and Dias and Kastner (2005) showed that this model is adequate for the determination of the field of displacements ahead of the face. The effect of face support was investigated only for the case of a stiff lining (see Sect. 4.4). As an additional parameter, the normalized face pressure p F /p 0 must be taken into account in the parameters of Eq. 14:
The numerical model is identical to the model of Fig. 7 with the boundary conditions at the tunnel boundary and at the face according to the inset of Fig. 14a . The analysis considers an unsupported length of e = a/2. (c) Fig. 13 Tunnel with stiff support. Longitudinal distribution a of the normalized axial displacements u y *E/(a*p 0 ) and b of the strains e y *E/ p 0 ; c normalized tangential strain e t,c *E/p 0 over normalized axial strain at the centre of the face e y (0)*E/p 0 Interpretation of core extrusion measurements 655 Figure 14a and b shows that a high support pressure p F leads to smaller extrusion, but does not affect the influence zone of the advancing face (which extends up to about one diameter ahead of the face). Figure 14c shows that for high face support pressures p F ([0.2p 0 ), which, however, are feasible only in shallow tunnels, the extrusion of the face does not depend significantly on the ground strength and cannot be used as an indicator of ground quality. It is remarkable that the higher the face support pressure, the bigger will be the convergences developing over the unsupported span e.
The Effect of Ground Rheology
Computational Model
Squeezing ground often exhibits a pronouncedly timedependent response to tunnelling. The deformations in a cavity may continue for several weeks or even months after excavation. As the time scales for core extrusion (a shortterm phenomenon) are different to those for convergence (a long-term phenomenon), it is interesting to investigate the extent to which the rheological behaviour of the ground might influence the correlations between these two manifestations of squeezing behaviour. This issue will be analysed here with the aid of transient stress analyses based on an axisymmetric model of an unsupported tunnel (Fig. 15a) . The tunnel advance is simulated with 60 excavation steps, each containing an instantaneous advance of s = 1 m, followed by a transient calculation that simulates a standstill period of 1 day. The overall advance rate is, therefore, v = 1 m/day. For the purpose of comparisons, the time-independent problem (zero viscosity) was also solved by the step-by-step method. The results are slightly different from those presented in Sect. 4.2.2, where the same problem was solved using the steady state method, which by definition assumes a continuous excavation, i.e. a round length s of zero (Cantieni and Anagnostou 2009a) .
The time-dependency of the ground behaviour is handled by means of the elasto-viscoplastic creep model after Madejski (1960) , which introduces only one additional parameter to the parameters used in the preceding elastoplastic computations. The micro-mechanical model consists of an elastic spring in series with a Bingham model (inset of Fig. 15a ). The strain rate _ e ij is resolved into an elastic and an inelastic part:
The elastic part depends, according to Hooke's law, linearly on the stress rate, while the inelastic part _ e p ij , which represents combined viscous and plastic effects, reads according to the classic formulation of Perzyna (1966) as follows:
where f, g and g denote the yield function, the plastic potential and the viscosity, respectively.
(a) (b) (c) Fig. 14 Tunnel with stiff support and face support. Longitudinal distribution a of the normalized axial displacements u y *E/(a*p 0 ) and b of the strains e y *E/p 0 ; c normalized tangential strain e t,c *E/p 0 over normalized axial strain at the centre of the face e y (0)*E/p 0
The calculations have been carried out for different values of the viscosity g. Table 2 shows the other model parameters.
Due to the time dependency of the material behaviour, the displacements of the problem under consideration (Fig. 15a) where s denotes the round length and t the time taken by each excavation round. Considering the gross advance v (= s/t) as an independent parameter instead of the round duration t and a dimensional analysis provide the following general expression for the convergence u c and for the axial strain e y at the face:
According to these equations, the response of the model depends on the product of the advance rate v and the viscosity g (cf. Bernaud 1991) . The effect of a high advance rate is equivalent to that of a high viscosity. In the borderline case of an ''infinitely'' rapid excavation, only elastic deformations will occur ahead of the advancing face. Figure 15b shows the axial displacements of the centre of the face u y (0) immediately after the excavation step as a function of the normalized uniaxial compressive strength f c /p 0 and of the dimensionless parameter gv/(ap 0 ). The curve for gv/(ap 0 ) = 0 applies to time-independent ground behaviour. The extrusion of the core is, particularly for low ground strengths, strongly influenced by the viscosity. Viscosity significantly reduces the axial strain at the face, because the development of plastic strains requires more than the short time that is available during ongoing excavation in the vicinity of the tunnel face. Figure 15c shows the tangential strains at the tunnel boundary e t,c as a function of the axial strains at the face e y (0):
Numerical Results
• The viscosity g of the ground influences the convergence only slightly. The higher the viscosity, the greater will be the convergence. This is because the pre-deformation of the ground u r (y F ) is small when the viscosity is high, while the final total radial displacement of the ground developing far behind the face u r (?) is independent of the viscosity and the advance rate in the case of an unsupported tunnel (Bernaud 1991) and was, therefore, calculated with the timeindependent plane strain closed-form solution of Anagnostou and Kovári (1993) . c tangential strain at the tunnel boundary e t,c as a function of the axial strain at the centre of the face e y (0), the normalized viscosity g*v/ (a*p 0 ) and the normalized uniaxial compressive strength f c /r 0
• As a consequence of the viscous behaviour (which is decisive mainly for deformations ahead of the face), the ratios of convergence to axial displacement are in general higher than in the case of time-independent behaviour. The rule established in Sect. 4.2.2 (ratio e t,c /e y = 1-2) is valid only if the dimensionless parameter gv/(ap 0 ) is lower than about 2.5. In the case of a 400 m deep traffic tunnel (a = 5 m, p 0 = 10 MPa) and a gross advance rate v of 2 m/day, this condition leads to g \ 62,500 kPa*-day, which is typical for materials that respond within a few weeks (Cantieni and Anagnostou 2011 ).
• At very high viscosities g and advance rates v, the axial strain at the face does not depend significantly on the uniaxial compressive strength f c of the ground, because the strains developing ahead of the face are almost entirely elastic. In such cases it is impossible to predict the convergences of the opening on the basis of the observed extrusion. Consider, for instance, the curve gv/(ap 0 ) = 250. The convergence u c = e t,c a varies between 0.05a and 0.20a for one and the same axial strain of about 0.01. Also the viscosity g itself represents a source of uncertainty. For an axial strain of 0.025, e.g., the convergence may vary with a factor of about 7 for viscosities between gv/(ap 0 ) = 2.5 and 25. Such inaccurate predictions are useless from the practical point of view.
In conclusion, on the one hand, if the ground behaviour is time-dependent, the fact that the core extrusion is low does not necessarily mean that convergences will be small. On the other hand, the large core extrusions are always associated with poor quality ground. It can also be said that a large extrusion represents a sufficient, but not a necessary, condition for large convergences to occur.
Entering into a Fault Zone
Numerical Model
The present section investigates numerically the evolution of core extrusion and convergence when tunnel advance approaches and enters into an extended, lower quality fault zone, which strikes perpendicularly to the tunnel axis.
The purpose of the present analysis is to find if it is possible at least in principle to recognize a fault zone before entering into it on the basis of the observed extrusion, and if the magnitude of the extrusions provides a useful indication as to the magnitude of the later convergences. Similar numerical analyses have been carried out by Jeon et al. (2005) , but these were investigating another question (the possibility of early fault identification on the basis of observed changes in the orientation of the displacement vectors).
The considered axisymmetric numerical model (Fig. 16a) includes a transition zone between the competent rock and the fault zone, where the deformability and strength parameters decrease gradually (Fig. 16b) . The excavation was simulated step by step. The 200 m long tunnel was excavated in 100 steps, every excavation step having a length of s = 2 m. The calculations have been carried out using the parameters of Table 2 and the deformability and strength parameters of Fig. 16b. Figure 17a shows the distribution of the axial strain e y along the tunnel axis for different positions y F of the advancing face. The axial strain ahead of the face is similar for all of the excavation steps up to a point that is 4 m ahead of the first change in ground properties at y = 0. The shape of the next curve (y F = -2 m) deviates from the preceding one. The strain 2-3 m ahead of the face is significantly higher than for preceding excavation steps. The axial strain ahead of the face increases continuously during the subsequent excavation steps. Figure 17b shows the influence lines of the average axial strain e y,AB for some selected intervals with a length of 0.5 m (every curve in Fig. 17b applies to another interval AB, see inset of Fig. 17b ). The intervals starting before y A = -2 m exhibit the same increase in strain for the approaching face. The influence zone of the excavation extends up to about 4 m ahead of the face. The interval starting at y A = 0 (i.e. at the beginning of the transition zone) shows a more pronounced increase of the strains, starting when the advancing face comes to within about 4 m of the interval. The proximate intervals all show a more pronounced increase in the strains again due to the approaching face. After passing the transition zone, the influence lines tend to show the same characteristics. The influence zone of the face increases from initially 4 to 8 m. Figure 17c shows the radial displacements u c of selected ''measuring'' points on the tunnel boundary as a function of their distance from the face. The convergence increases with the advancing face. The maximum convergence increases continuously for the measuring points in the transition zone and in the first 50 m of the fault zone. The increase in the maximum convergences despite the uniform ground conditions prevailing within the fault zone is due to the so-called ''wall-effect''. The wall-effect describes the stabilizing effect of competent ground on weak ground. The interface shear stresses between the competent and the weak ground reduce the deformations of the weak zone. The wall-effect was analysed by Kovári and Anagnostou (1995) for the borderline case of rigid competent rock and by Cantieni and Anagnostou (2007) for the case of competent rock having a elasto-plastic ground behaviour.
Results
The influence lines of the extrusions and the convergences (Figs. 17b and 17c ) correlate with each other. Cross sections exhibiting large extrusions also experience high convergences after excavation. A fault zone can thus be detected by monitoring the extrusion of the core ahead of the face (unless the ground exhibits a markedly timedependent behaviour, see last section).
In a last step, we investigate whether it is possible to predict the convergences (including all spatial effects associated with the fault zone) on the basis of the monitored extrusions, by applying the simple rule established in Sect. 4.2.2. (Section 4.2.2 showed for the case of homogeneous ground, that the ratio of the convergence e t,c to the axial strain at the centre of the face e y (0) is in most cases between 1 and 2.) Figure 18a compares the convergences u c obtained by the numerical computation with the convergences which have been estimated on the basis of the extrusions assuming a ratio e t,c /e y (0) of 1, 1.5 or 2. The diagram shows that the assumption of e t,c /e y (0) = 1.5 leads to convergences which agree very well with the actual convergences. Figure 18b , where the tangential strains e t,c are plotted against the axial strains at the face e y (0), shows that most of the points are grouped in the vicinity of the line e t,c /e y (0) = 1.5.
Gotthard Base Tunnel
Introduction
The present case history investigates the data monitored during construction of the western tunnel of the new Gotthard Base Tunnel, which crosses the northern intermediate Tavetsch formation (the so-called TZM formation) and the adjacent Clavaniev zone (referred to as ''CZ'' in Fig. 19 ).
The aim of the present case history is to find out whether there is a correlation between the extrusion of the core and the convergences of the tunnel and, accordingly, if it would have been possible to predict the convergences solely on the basis of the monitored extrusions. The present case history will focus on two reaches, where the extrusion of the core has been monitored with a series of so-called reverse-head-extensometers (RH-extensometers; Thut et al. 2006) . The first reach reaches from chainage 1,690 m to chainage 1,780 m of the western tube excavated northwards (NW tube). The second reach starts at chainage 1,980 m and ends at chainage 2,140 m of the NW tube (Fig. 19b) . 
Geological and Geotechnical Properties
The tunnel crosses the northern TZM formation and the Clavaniev zone for about 1,150 m at a depth of 800 m (Fig. 19b) . The Clavaniev zone denotes the tectonically intensively sheared southern part of the Aar-massif between the Aar-massif and the TZM formation (cf. Schneider 1997) . The Clavaniev zone was encountered over about 120 m at the end of the advance before entering into the competent rocks of the Aar-massif (Fig. 20b) . Both, the TZM formation and the Clavaniev zone are characterized by alternating layers (which have a thickness in the range of decimetres to decametres) of intact and more or less kakiritic gneisses, slates, and phyllites (Fig. 20c) . The term ''kakirite'' denotes a broken or intensively sheared rock, which has lost a large part of its original strength (cf. Schneider 1997; Vogelhuber 2007) . The orientation of the layers to the tunnel axis varies from perpendicular to parallel (Fig. 20d) . On account of the expected squeezing conditions, the geological survey included an inclined, exploratory borehole SB 3.2, which was over 1,700 m deep and which passed through the problematic series of rocks (Fig. 19b) . The core samples retrieved from the boring were used to carry out a laboratory testing programme to investigate the strength and deformation properties of the weakest zones. The testing program was carried out at the Institute for Geotechnical Engineering of the ETH Zurich (Vogelhuber 2007) , and also continued during construction of the tunnels with rock samples retrieved by horizontal drillings performed from the tunnel face (Anagnostou et al. 2008) . Fig. 18 a Comparison of the ground convergences u c (= e t,c *a) at chainage y with the convergences calculated on the basis of the face extrusions e y (0) with the ratios e t,c /e y (0) of 1, 1.5 and 2; b tangential strain e t,c over axial strain at the centre of the face e y (0) for all chainages y in the fault zone model Most of the samples were tested by means of so-called multistage triaxial tests under consolidated and drained conditions (CD-tests). Prior to the consolidation and shearing phases, the testing procedure included a watering phase to saturate the sample and to determine the permeability of the material (Vogelhuber 2007) . Figure 21 shows a sample of a kakiritic rock before and after a triaxial test, while Fig. 22 summarizes the strength properties of kakiritic rock samples obtained during tunnel construction. The deformability properties have also be determined with triaxial testing. The test results showed that the Young's modulus increases with increasing confining stress. The Young's moduli obtained by Vogelhuber (2007) ranged from about 0.5 GPa to 6 GPa for effective confining stresses of 1-9 MPa.
The water table was detected to be close to the ground surface, namely 800 m above the tunnel. Most of the kakiritic rocks had a permeability between 2 9 10 -10 and 2 9 10 -9 m/s.
Construction Method
The tunnel was excavated full-face. Squeezing was tackled through a yielding support system consisting of two rings of sliding steel sets (TH 44/70) lying one upon the other and connected by friction loops (Ehrbar and Pfenninger 1999; Kovári et al. 2006; Kovári and Ehrbar 2008) . Figure 23 shows the longitudinal and the cross section of the yielding support system. In the tunnel reaches under investigation, the radial over-excavation (which is required for accommodating the deformations) was either 0.5 or 0.7 m, the cross section area A F = 101 or 122 m 2 , respectively, and the spacings of the steel sets 0.66 or 0.5 m, respectively. Up to 190 m radial bolts with a length of 8 m were installed over the whole circumference per meter of tunnel. The face was supported by about 50 to 60 bolts with a length of 12-18 m, and with an overlap of about 6 m. After the rate of convergence slowed down, a shotcrete ring of 0.5 m was applied (normally at a distance of about 30 m behind the face). The area of the excavated cross section and the support measures applied are summarized in Fig. 20e to 20g.
Monitoring
The convergences of the opening were monitored optically with 5 or 7 points per cross section. The distance between the monitored cross sections was between 5 and 20 m. The 0 of the kakiritic samples tested during the construction of the Gotthard Base Tunnel (only samples which failed isotropically are considered) (after Anagnostou et al. 2008) exact location and number of monitored points per cross section along the tunnel alignment are shown in Fig. 20h .
The core extrusion was monitored by 4 RH-extensometers in the first reach (TZM formation) and 7 RH-extensometers in the second reach (Clavaniev zone). The RHextensometers were placed at the axis of the tunnel. They had a length of 24 m and overlapped 4-8 m with the preceding ones. The position of the measuring head and the six measuring points of each extensometer with respect to the tunnel alignment are shown in Fig. 20i . Figure 24a and b shows the primary data obtained by the RH-extensometers of reaches 1 and 2, respectively. The wavelike shape of the curves which show the extrusion over time, indicates that the ground exhibits a timedependent behaviour. Every excavation step accelerates the development of the extrusions before they slow down until the next excavation step again accelerates the rate of deformations. The extrusions monitored consist of an instantaneous part, which is caused by the stress redistribution produced by each excavation step, and a timedependent part produced by rock creep and consolidation processes. After an excavation step, the extrusions continue for several days. For instance, the last measuring point of extensometer 5 at chainage 2,090 m of reach 2 shows the extrusion that developed at a distance of 4 m ahead of the face during a standstill of 30 days (curve B in Fig. 24b ).
Data Analysis
Primary Data
The extrusion rate is almost zero after 30 days and accelerates when the excavation is restarted. The measurements indicate that 95% of the final extrusion is reached after about 20 days. This indicates a viscosity g of about 10
4 to 10 5 kPa*day (cf. Cantieni and Anagnostou 2011).
To assess the behaviour of the ground along the tunnel it is necessary to compare deformations that occur under similar conditions and, more specifically, during the same period of time. As the duration of the advance halts varied between the different stretches of the tunnel, the comparability of the final extrusion values would be questionable. Therefore, the present analysis considers only the extrusions developing during the excavation round and the 10 h following excavation. Figure 24c shows by means of an example the way the extrusions have been determined.
Influence Lines
Due to the low spatial resolution of the monitored profile (the relatively small number of measuring points) and to the large number of readings, the most meaningful way to present the monitoring data is to plot influence lines.
Figures 25 and 26 show the influence lines of the axial strain e y (taking account of the extrusion generated by face advances and during the 10 h following each advance) for all extensometers. The characteristics of the influence lines are similar for all extensometers. The observation that the strains increase continuously until d = 0, contradicts with the theoretical predictions, according to which the strain should not increase close to the advancing face (Fig. 9b) . The reason for the different behaviour is the length of the Consider now the maximum strain, i.e. the strain developing up to the time point where the face reaches the first measuring point (d = 0). It is possible to distinguish three cases: Most of the measurements show maximum strains of 0.03. Exceptions with lower maximum strains are the interval 1,709.8 m of extensometer 1, 1,737.7 m of extensometer 3 and 1,769.7 m of extensometer 4. The interval 1,721.8 m of extensometer 1 shows a considerably higher maximum strain than all other intervals. The intervals 1,713.8 and 1,717.8 m also tend to such high values. But at d = 3 m, the strain suddenly decreases with the approaching face. A decrease in strain indicates an axial recompression of the rock over the considered interval. This behaviour cannot be traced back to the effect of a heavier face support, because this effect is very small at the actual initial stress level (see curve 0.01p 0 in Fig. 14b) . Besides measuring errors, this behaviour could be due to the presence of a very strong ground interlayer perpendicular to the tunnel axis, which hinders the axial deformation and thus recompresses the weak ground further away from the face. Figure 26 shows the influence lines of the axial strain e y over tunnel reach 2. Extensometer 6 clearly shows that the influence zone of the considered intervals increases continuously. This observation provides an indication of decreasing ground quality (as shown later, the convergences also increase in this portion). Extensometers 3 and 4 appear to be in a more competent rock than the others. The influence zone of the face is considerably less extended (about 6 m) than in most of the other intervals of tunnel reach 2 (between 8 and 12 m) and the extrusion values are also lower (2%). In the next section, we will see that also the convergences are lower in this tunnel portion.
Extrusions Versus Convergences
The next step is to compare the longitudinal distribution of the extrusion with the distribution of the convergences. To obtain comparable values, the analysis considers as a measure of the extrusion the strain that develops due to the advance of the face from a distance of 6 m to a distance of 2 m in respect of each ground interval (see the strain portion between the vertical dashed lines in the diagram of extensometer 1 in Fig. 25 and the upper part of Fig. 27 ). The reason for selecting this interval (6-2 m) was to maximize the number of measuring points that could be used for the analysis.
The radial displacement of the tunnel crown is used as a measure of convergence. To get comparable values, the analysis takes into account only a specific portion of the monitored displacements, occurring due to a face advance of 25 m. More specifically, we consider the displacement that develops as the distance from the face to the monitoring section increases from 5 to 30 m (see the lower part of Fig. 27 ). This interval was chosen because the latest zero reading of a measuring point in the reaches under consideration was made at about 5 m behind the face, and because the shotcrete ring (which practically prevents Figure 20a shows the axial strain and radial displacements of the crown along tunnel reaches 1 and 2. The figure includes only the measuring points which worked properly during the monitored face advance. (Some measuring points failed because the bar which connects the measuring point with the measuring head, was damaged by face bolt drillings.) The convergences in tunnel reach 2 exhibit a weak correlation with the extrusions. The decrease in convergences before reaching chainage 2,050 m, and the subsequent increase in convergences were indicated by a decrease and an increase in extrusions. The change in convergences appeared even without a significant change in the geology, construction method or overburden. Also, the decrease and increase in convergences around chainage 2,090 m are indicated by a decrease and a subsequent increase in extrusions.
No correlation can be observed between the convergences and the extrusions in tunnel reach 1. The decrease in convergences after chainage 1,745 m could not be predicted on the basis of the observed extrusions. One reason for the lack of correlation may be the arrangement of the monitoring stations. In alternating layers of weak and hard rock the variation in convergences can be significant even over short distances and can thus not be monitored completely if the distance between the monitoring stations is large (Cantieni and Anagnostou 2007) . Figure 29 shows the normalized displacement of the tunnel crown (De t,c = Du r /a) as a function of the axial strain De y of the core for the two tunnel reaches. The points from tunnel reach 2 are roughly grouped around a slightly inclined straight line. Note that the deformations plotted in Fig. 29 are not the total deformations, but only the deformations that developed due to the specific face advances mentioned above. For this reason, Fig. 29 cannot be compared directly to the similar diagrams of Sect. 4, which consider the total deformations. A qualitative comparison is nevertheless possible. The relationship between the extrusions and the convergences is similar to the relationship between the numerical results for a yielding support shown in Fig. 12 and for the stiff support shown in Fig. 13 , where the convergences do not vary significantly compared to the extrusions. This behaviour seems reasonable because the support system applied is a yielding support, which is set rigidly at a distance of about 30 m (e/a = 5) behind the face. Furthermore, the big variation in the extrusions indicates that the effect of the time-dependency of the ground and of the face support is of subordinate importance in the present case history (cf. Figures 14 and 15 ). For a ground viscosity g between 10 4 and 10 5 kPa*day, an advance rate of v = 1 m/day and an initial stress of p 0 = 20 MPa the normalized viscosity gv/(ap 0 ) is between 0.08 and 0.8. According to Fig. 15 , such viscosities influence the extrusions only slightly.
Conclusions
The extrusion of the core is affected by ground quality, the initial stress state and the construction method. Stiff supports which are installed close to the face reduce the magnitude of the extrusions, as do yielding supports (although to a lesser extent). Face reinforcement also reduces the magnitude of extrusions. However, the effect of yielding supports and face support on extrusion is less pronounced in deep tunnels.
It is theoretically possible to predict ground response by means of extrusion measurements when the ground exhibits only a moderately time-dependent behaviour. The time-independent numerical analysis of tunnelling into a fault zone showed that the convergences can even be estimated in heterogeneous ground. Pronounced timedependent ground behaviour makes it very difficult to predict the ground response, because extrusions are governed by short-term behaviour, while the final ground response is governed by long-term behaviour. A large extrusion represents a sufficient, but not a necessary, condition for large convergences to occur.
The analysis of the extrusions by means of the axial strains instead of the axial displacements makes it possible to use a longer portion of the measuring device, because the error introduced by a non-fixed reference point can be avoided. As shown by the case history of the Tartaiguille tunnel, it is possible to use an even longer portion of the measuring device if the increase in strains due to the specific face advance is analysed. Such an analysis is also independent of the deformations which the ground experiences before the installation of the measuring device.
The case history of the Raticosa tunnel and the numerical calculations showed that the extrusion does not provide any useful indication as to the convergence in case of stiff linings which are installed close to the face, because in such cases the convergences are small and almost independent of the ground quality.
The case histories of the Vasto tunnel and the Gotthard Base Tunnel show that there is a weak correlation between the axial extrusions and convergences of the tunnel. In the case of the Gotthard Base Tunnel, a correlation might have been especially helpful as the convergences changed even without a significant variation in the geology, construction method or overburden. However, there was no clear correlation that would make it possible to predict convergences with sufficient reliability on the basis of extrusion monitoring alone. The extrusion data should be evaluated in combination with other information, such as advance probing. The main advantage of extrusion monitoring was rather in the early detection of deformations which might lead to face loosening and instability.
